1. Gas-density-dependence of maximal expiratory flow rates (v,,,.=.), defined as the ratio of v,,,.=. while breathing helium/oxygen (80: 20) to v,,,,x. while breathing air at the same lung volume, was examined in relation to other measurements of airways obstruction in patients with obstructive airways disease before and after administration of bronchodilators.
Introduction
In 1963, Schilder and co-workers (Schilder, Roberts & Fry, 1963) demonstrated that maximal expiratory flow rates (v,,,,=.) vary inversely with gas density in normal subjects. Of the various gases used by these investigators, a mixture of helium and oxygen (He/02, 80:20), which has a density one-third that of air, has been most often used in subsequent studies because of its availability and lack of unpleasant side effects. In contrast to normal subjects, patients with airway obstruction vary widely with respect to changes in v,,,,x. on breathing He/Oz (Grape, Channin &Tyler, 1960; Despas, Leroux & Macklem, 1972; Benatar, Clark & Cochrane, 1975) . Despas et al. (1972) studied patients with chronic obstructive lung disease or asthma. They showed that the nonasthmatic patients had minimal density-dependence of P,,,.=. (i.e. small increases in v,,,.=. with He/Oz),
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whereas those with asthma had various degrees of density-dependence. They interpreted large increases in Vmax. with He/02, i.e. a high density-dependence, to mean that the major site of limitation of flow was in large airways, where small cross-sectional areas and high Reynolds numbers lead to highly densitydependent (i.e. turbulent) flow patterns. A lack of, or a minimal degree of, density-dependence was thought to be indicative of obstruction in small airways where the cross-sectional area, although diminished, remains large, Reynolds numbers are small, and flow is more nearly laminar.
The present study was designed to examine density-dependence of Vmax. before and after the administration of bronchodilators in patients with airways obstruction. The purposes were to gain some insight into the relative contributions of large and small airways to limitation of flow and to assess any acute changes that might occur after acute dilatation.
Methods
Our patients were studied by means of spirometry and plethysmography. Airway resistance was converted into its reciprocal, conductance (Caw), and expressed as a conductance/ volume ratio termed specific conductance (sG.,) (Briscoe & DuBois, 1958) . Maximal expiratory flow-volume curves were obtained with an air-conditioned, variable-volume body plethysmograph (Mead, 1960) . The volume signal was statically calibrated before each set of measurements, and the signal was corrected for pressure by shaping a rapid step input of volume approximating a square wave (Leith & Mead, 1974) .
The MEFV') curves were displayed on the x-y coordinates of a storage oscilloscope and photographed. After obtaining the air MEFV curves the patients breathed the He/O, mixture until nitrogen washout was nearly complete, as evidenced by an end-tidal nitrogen that was less than 3-5% as measured by a Med-Science Electronics 300 AR Nitralyzer. The pneumotachograph was calibrated by passing the He/O, through it at a wide range of flow rates.
Forty-two patients with obstructive airways disease were initially enrolled in the investigation. Obstruction was considered to be present if the MMF was less than 60% of the predicted values of Morris, Koski & Johnson (1971) . Twenty-six patients were able to reproduce their vital capacities within the measurement error (less than 0.050 1) while breathing air and He/02. In four patients, vital capacity varied less than 5%. In these patients the curves were matched at total lung capacity. Twelve patients were excluded from the study because of inability to reproduce the vital capacity within these limits.
This care was taken so that the vm.x. on both gases could be matched at the same lung volume. Densitydependence of vmax. was expressed as the ratio of vma,. (He/02) to Vm.=. (air) at 50% vital capacity and the same absolute lung volume after therapy.
After standardizing breathing by taking three inhalations to total lung capacity, pressure-volume curves were obtained on seven patients according to the technique of Milic-Emili, Mead, Turner & Glauser (1964) and maximum flow static recoil curves were constructed (Mead, Turner, Macklem & Little, 1967) .
After these measurements, three inhalations of isoprenaline were administered with a standard cartridge dispenser, which delivers approximately 125 pg at the mouth per breath (Isuprel Mistometer: Winthrop Laboratories Division of Sterling Drug Inc., New York, U.S.A.). The above measurements were repeated within 1&20 min.
The patients were divided into two groups based on their response to the inhalation of isoprenaline. If they increased sGnw by an amount equal to or greater than 45% of the control value they were designated as group A. This degree of change was more than one standardized normal deviate (i.e. 1.645 times SD; Armitage, 1973) higher than the mean increase in sG., after a bronchodilator in a series of normal subjects reported by Watanabe, Renzetti, Begin & Bigler (1974) . Those who were less responsive were termed group B. The reason for choosing sG,, as the criterion for response instead of the MMF is that sG., is more representative of airways calibre in the breathing range, removes the volume history effects of going to total lung capacity (Nadel & Tierney, 1961) and residual volume (Simonsson, Jacobs & Nadel, 1967) and is less influenced by dynamic collapsibility of airways. All patients gave their informed consent.
Rl?SultS
The results of the routine lung-function tests, and the data derived from the density-dependence studies, are shown in Tables 1 and 2 respectively. There were seventeen patients in group A, fourteen of whom had the referring diagnosis of bronchial asthma, and thirteen in group B, eleven of whom had chronic obstructive lung disease. These two sub-populations were compared, t-tests being used for uncorrelated mean values. The only significant pretreatment differences between the groups were the lower MMF (Table 1 ) and degree of density-dependence in group B (Table 2) . After therapy both groups showed significant improvements in their plethysmographic, spirometric and lung volume variables (Table 1) and in both air and He/O, flow rates (Table 2) . After treatment the groups could be differentiated by sG., and FEVI, in addition todensity-dependence and MMF. In group A there was a significant inincrease in density-dependence (group A, before = 1.34 f 0.02; after = 1.58 f 0.04; P < 0001, Table 2) and in group B it did not change. MEFV curves on both gases and static deflational pressure-volume curves for three members of group A and four of group B are shown in Fig. 1 and Fig. 2 respectively. These data were used to derive the maximal flow static recoil curves shown in Fig. 2 , and the isovolume upstream resistance (Rus) values in Table 3 (Mead et al., 1967) . In group A after treatment, the MFSR shifted down and to the right with air, and up and to the left with He/Ol. The R,. at a volume equivalent to 50% of the control vital capacity increased with air and decreased with Helo,. In group B the opposite effect was seen on the air curves: MFSR moved up and to the left and R,, fell. The He/02 curves moved in the same direction as the air curves with the same effect on
Rus-

Discussion
We applied the reasoning of Despas et al. (1972) to analyse the acute response to a bronchodilator in patients with airways obstruction. We found that those individuals with a brisk response to inhaled isoprenaline, as measured by routine tests of lung function, had a greater degree of density-dependence initially which increased yet further after treatment. Conversely, those who had a more modest response had a smaller degree of density-dependence that did not change significantly after therapy. During maximal expiratory flow conditions the driving pressure across airways upstream from equal pressure points is the Pst(l) (Mead et al., 1967) . The resulting v,,,,x, depends on the geometryof upstream airways and the flow patterns within them. If we assume that both the geometry of the upstream airways and the PJl) were the same with air and He/02, then any subsequent difference in vmaX. was due to the physical properties of the gas. If equal pressure points are located in large airways with a small total cross-sectional area and large Reynolds numbers, convective acceleration and turbulent flow patterns, both of which are highly densitydependent, predominate. Thus a higher vmaX. with He/Oz indicates that there should be a greater relative contribution of large airways to limitation of flow. The high degree of density-dependence coupled with the low specific conductance in our group A patients indicate that large airway obstruction predominated before treatment. The rather large increase in sG after bronchodilators probably indicates large airways dilatation, yet if this were so, we are left to explain two paradoxes: an increase in density-dependence, indicating an increase in the relative contribution of large airways to flow limitation, and an increase in upstream resistance with air. Both paradoxes could be explained by a more mouthward movement of equal pressure points resulting in a longer upstream segment, smaller cross-sectional area and, hence, more turbulence and convective acceleration. Such mouthward movement of equal pressure points has been described by Gardiner, Wood, Gayrard, Menkes & Macklem (1 974), who produced airways dilatation in dog lungs by vagotomy. Pmax. with air could have increased despite an increase in upstream resistance because of the large isovolume changes in Pst(l) (Fig. 1) . Such rapid shifts in pressure-volume curves have been previously reported after treatment of patients with spontaneousasthmaattacks(McFadden & Lyons, 1969) and exercise-induced asthma (Freedman, Tattersfield & Pride, 1975) .
In our group B patients, flow patterns at flow limitation were more nearly laminar; consequently it would appear that equal pressure points were located initially in small airways. The significant increase in isovolume flow rates after bronchodilators without a change in density-dependence accompanied by a small improvement in sG., suggests that there was relatively little large airway dilatation. These data suggest that flow patterns within the upstream airways remained nearly laminar and that the location of equal pressure points remained in small airways despite the fact that these appeared to have dilated ( Fig. 3 and Table 3 ). As flow patterns become more nearly laminar the effect of viscosity becomes greater than that of density. Since H e / 0 2 is 12% more viscous than air, it is possible that H e / 0 2 flow rates were somewhat lowered in our group B patients on that basis. However, since the flow patterns did not change before and after the bronchodilator, this factor is probably of little significance.
Precise application of equal-pressure-point analysis requires homogeneous behaviour, and it is well established that diseased lungs behave nonhomogeneously (Fry, Ebert, Stead & Brown, 1954) . However, despite this limitation it is possible by varying gas density to assess, at least semi-quantitatively, flow patterns at flow limitation, and from this to estimate the size of airways in which limitation of flow is occurring. The amount of error that nonhomogeneous behaviour introduces into our study is unknown, but there are data that demonstrate that effective bronchodilator therapy in asthmatic patients results in minimal change in the distribution of inspired gas despite large increases in both specific conductance and flow rates (McFadden & Lyons, 1968) . Hence, in order to analyse isovolume upstream resistances, we have assumed that the same degree of non-homogeneity existed before and after therapy.
Since most of our group A patients had the referring diagnosis of asthma and a majority of our group B members were classified as chronic obstructive lung disease, it might be construed that the initial degree of density-dependence would serve to differentiate between these two conditions. However, asthma, as the term is used clinically, is not a homogeneous disease, and it has confounded those who would apply a simple and comprehensive definition (Scadding, 1971) . Furthermore, the bronchodilator response of those with chronic bronchitis has been frequently rewarding (Ishikawa & Cherniack, 1969; Stanescu, Clement & Van de Woestijne, 1973) . It is reasonable to expect that the degree of densitydependence and the acute response to bronchodilators would vary at different times in the same patient unless the anatomical obstruction were irreversible. The patients in the present study were similar to those reported by Despas et al. (1972) and by Benatar et al. (1975) , in that they were symptomatic, many were smokers, they responded to bronchodilators to some degree and the age span was large. In these two last-named studies, acute changes in density-dependence after bronchodilators were not examined systematically so that further comparisons are not possible.
Longer term follow-up with repeated studies of the same patients will be important in assessing the significance of density-dependence of v,,,.=. and its changes with acute and chronic therapy, intercurrent respiratory infections, and clinical state in terms of duration and severity of obstructive episodes. Such long-term studies along with comparison of the effects of different bronchodilator drugs should help improve the understanding and classification of obstructive airways disease, and might be usefully translated into clinical management of these common illnesses.
